Using the HETPHEN approach, five new heteroleptic copper(I) complexes composed of a push-pull 4,4'-styryl-6,6'-dimethyl-2,2'-bipyridine ligand and a bulky Bis[(2-diphenylphosphino)phenyl]-ether (DPEphos) or a bis2,9-mesityl phenanthroline (Mes 2 Phen) were prepared and characterized by electronic absorption spectroscopy, electrochemistry, and TD-DFT calculations were performed. 
Heteroleptic diimine copper (I) complexes

Introduction
The supramolecular chemistry of transition-metal polypyridine complexes is dominated by ruthenium trisbipyridine complexes and its derivatives. 1 The reasons of this success lie in: i) their synthetic versatility. Other metal complexes also display such valuable electronic properties such as those with osmium(II), 2 platinum(II), 3 iridium(III) 4 and rhenium(I). 5 However, these metals are noxious and relatively expensive as they are not very abundant in the earth's crust. An appealing alternative is copper, because diimine copper(I) complexes also exhibit MLCT excited states in the visible region 6, 7 and copper is much cheaper, more abundant and less toxic than the above mentioned precious metals. A quick comparison of the photophysical properties of the widely used
[Ru(bpy) 3 ] 2+ and those of [Cu(dmp) 2 ] + (dmp = 2,9-dimethyl-1,10-phenanthroline) shows that they are quite similar except that the latter has a lower extinction coefficient on the MLCT absorption band, a shorter-lived emission and a lower luminescence quantum yield than the former (Table 1 ).
These differences are quite general between copper(I) bis-diimine and ruthenium(II) trisbipyridine complexes. Table 1 . Summary of some characteristics of ruthenium(II) trisbipyridine and copper(I) bis 2,9-dimethyl phenanthroline. The short lifetime of the MLCT emission of most copper(I) diimine complexes stems from the photoinitiated Jahn-Teller distortions that result in a structural rearrangement from a nearly tetrahedral ground state to a square planar or trigonal bipyramidal excited state which nonradiatively deactivates by forming a pentacoordinated exciplex. 6, 7 The formation of a pyramidal pentacoordinated complex results from the square planar preference of Cu(II), a d 9 cation. However, it has been shown 8, 9 that bulky substituents in the 2 and 9 positions of the diimine ligand inhibit the molecular distortion that occurs in the MLCT excited state and this leads to large improvements of the excited-state lifetime and emission quantum yield, which respectively reach values as large as 3.2 µs and 5.6 % for the completely locked bis(2,9-di-tert-butyl-1,10-phenanthroline)copper(I) complex. 10, 11 hal-00861248, version 1 -12 Sep 2013
The goal of the present work was to develop new copper(I) complexes exhibiting higher absorption coefficients on the main absorption band to optimize the visible absorption cross-section. Indeed, the presence of intense absorption bands in the visible spectrum is a valuable property in view of using these complexes for practical applications such as solar energy conversion, light emitting diode [12] [13] [14] and luminescent sensing probe. 15, 16 In particular for solar energy conversion, the development of copper-based sensitizers for dye-sensitized solar cells, 17-27 molecular arrays for photoinduced charge separation 28, 29 or photocatalysis 21, 30 demand highly absorbing dyes. To achieve this goal, we decided to use the HETPHEN strategy developed by Schmittel and coworkers 25, 31 to build stable heteroleptic complexes and we incorporated a bipyridine ligand presenting an extended π-conjugation in the coordination sphere of copper. Such π-conjugated chromogenic ligands were previously used to prepare ruthenium polypyridine complexes and they proved to be suitable to strongly enhance the absorbance in the visible region. 32, 33 In a second objective, we explore the influence of different coordination patterns around the copper cation by completing the styryl bipyridine ligand with two different bulky bidentate ligands, either a bis[2- 
Experimental section
General procedures
Reagents and solvents Ligands L1, 24 L2, 22 4,4',6,6'-tetramethyl-2,2'-bipyridine, 26 2,9-dimesityl-1,10-phenanthroline (Mes 2 Phen) 36 4,4'-methylphosphonateethyl ester-6,6'-dimethyl-2,2'-bipyridine, 
Results and discussion
Syntheses
Complexes C1-C5 were prepared using the HETPHEN approach, 25, 31 and 6' positions of the bipyridine, which prevents very close approach of the nitrogen to the copper cation to make strong bonds. Note however that partial dissociation of the complex C4 was observed on silica gel thin layer chromatography (TLC), probably due to the above-mentioned high steric hindrance effect. On the other hand, the steric strains imposed by ligand L2 are not compatible with the formation of a copper complex with the very bulky DPEphos ligand, which can also account for its instability during the purification. Analogous behaviour was previously reported in literature, where the attempt to prepare [Cu(DPEphos)(2,9-diphenyl-1,10-phenanthroline)]BF 4 failed, giving only [Cu(2,9-diphenyl-1,10-phenanthroline) 2 ] BF 4 . 31 All the new products were characterized by satisfying 1 H-NMR, 13 C-NMR, HR-MS and elemental analyses.
UV-Vis absorption spectroscopy and quantum chemical calculations
The UV-Vis absorption spectra of ligands L1-L4 and of complexes C1-C5 recorded in dichloromethane are shown in Figures 2 and 3 , respectively. The corresponding data are gathered in Table 2 . The UV-Visible spectra of the four ligands are characterized by a strong absorption in the near UV with an extinction coefficient between 4 and 6 x 10 4 M -1 cm -1 . Given the structure of these
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ligands, this band can be assigned to an intra-ligand charge transfer (ILCT) transition resulting from an electron density shift from the donor moiety (amine or alkoxy group) to the bipyridine core.
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Figure 2. UV-Visible absorption spectra of the ligands L1-L4, recorded in dichloromethane.
The influence of the donor groups on the optical properties is well demonstrated by comparing L1 and L3 to L4. The first two ligands appear as yellow to orange powders and have an absorption maximum around 390-400 nm, with a tail in the visible region responsible for their color.
Conversely, L4 is a perfectly white powder as it does not absorb in the visible region (λ max at 334 nm) because the octyloxy group, a weaker donor than the amino group, destabilizes less the HOMO which is centered on the styryl-donor moiety of the ligand. The same behavior was reported in literature for ligands having a similar structure but lacking the methyl groups at the 6 and 6' positions of the bipyridine. The UV-Vis absorption spectra of the complexes C1-C5 are characterized by two main contributions: a broad absorption band in the visible region corresponding to the charge-transfer (CT) transitions and a ligand-centered absorption band in the UV (Figure 4) . 
49
Electrochemistry
The electrochemical properties of the ligands and of the complexes were measured in dichloromethane and all the potentials are referred to SCE reference electrode ( Table 3 ). An irreversible wave around 0.64 V was attributed to the oxidation of the amines in L1 which decompose according to a β-elimination reaction. 50 L2 displays a first oxidation wave attributed to the removal of an electron from the amine units. This process is not reversible, probably because of the absence of a para substitution on the phenyl rings, which enables chemical reaction from the radical generated at this position. Indeed, in ligand L3, having donating methoxy groups in the para position, the oxidation process at 0.87 V is reversible. This potential is anodically shifted compared to L1, accounting for the less electron rich nature of diphenylamine with respect to diethylamine.
No oxidation wave was recorded in L4, confirming that the weaker donating nature of the alkyloxy groups. imposes a large steric hindrance around the metal and has a lower electron-donating effect compared to that of Mes 2 Phen. 11, 12, 14, 23 The cathodic behavior was also investigated, but nothing significantly different from the blank was observed until a potential of -1.5 V vs. SCE, which was the onset of solvent electroactivity in our conditions. This indicates that the first reduction processes (localized on the bipyridine portion of the diimine ligand according to TD-DFT calculations) occur at a more negative potential than -1.5 V vs. SCE both in the ligands and in the complexes.
Computational study
The Cartesian coordinates of the optimized structures are shown in SI (Table S3 ). The bond lengths In order to get detailed understanding of the experimental electrochemical data reported above, we did perform a fragment analysis at PBE-D/TZP level. 52 The complexes are separated into three fragments, that is, L, DPEPhos/Mes 2 Phen, and Cu + , to see the contribution of KS orbitals of each fragment to those of the complexes. The HOMO of C1 is mainly localized on L1 (88 %), especially on aminostyryl moieties. The largest contributions come from two nitrogen atoms of amines (19 %).
The ethyl substituents do not contribute to the HOMO. In C2 and C3, the HOMO is localized on L3
(97 % and 90 %, respectively) and mainly on aminostyryl moieties as in C1. The largest contributions come from two nitrogen atoms of amines (18 %) and from anisyl substituents (13 % and 12 %, respectively). In C4, the HOMO is also localized on L2 (47 %) but with a large contribution from Cu (39 %). In L2 fragment, two nitrogen atoms of amines contribute hal-00861248, version 1 -12 Sep 2013 predominantly (9 %), the phenyl substituents contributing slightly (3 %). Comparing C1 and C2-C4, we may observe a difference in the electronic distributions of the HOMO in the complexes. In Figure S1 . The electronic density distribution of the frontier orbitals (from HOMO-3 to LUMO+3) is represented in Table S2 (all complexes) and Table 4 (complexes C1 and C5). The calculated transition energies to the lowlying excited states of C1-C5 and the dipole-allowed vertical absorption wavelength (λ, in nm) with their oscillator strengths (f) are listed in Table S1 (all complexes) and Table 5 and phosphines for complexes with DPEphos (C1 and C2), in agreement with literature data. [53] [54] [55] Besides, the energy spacing between HOMO-1 and HOMO-2 is larger for bisphosphine complexes while it is weaker in bisdiimine complexes. On the other hand, the LUMO and LUMO+1 are localized on the pyridyl moieties of styryl bipyridine for mixed [Cu(P^P)(N^N)]PF 6 complexes, while in bisdiimine complexes the LUMO+1 is fully localized on L1 and its energy is close to the LUMO (fully residing on the styryl bipyridine). These differences in the localization of the molecular orbital translate into the nature of the transitions occurring in the visible region (Table S2 and Table 4 ). reported in Table S1 and Table 5 . In the DPEphos substituted complexes (C1 and C2), the absorption band around 440 nm corresponds to a mixture of pure ILCT transitions, namely a displacement of electronic density from the donor group to the bipyridyl subunit of the styryl bipyridine ligand . The lowest MLCT absorption bands are calculated in the near UV with weak oscillator strengths, and assigned to a mixed MLCT/ILCT state with more than 70% of MLCT character (see SI for the detail of transition wavelengths and oscillator strengths). This is the consequence of the low lying position of the filled copper orbital (HOMO-3) that is due to the lower σ-donating strength of the phosphine compared to the diimine ligand. The interest in using conjugated styryl-bipyridine ligands is evidenced by the fact that the LUMOs are centred on the bipyridine core plus the double bond or the entire styryl moiety. The extended conjugation of the π system, compared to simple bipyridine or alkyl-bipyridine ligands, contributes to the red-shift of the absorption bands. In heteroleptic bis-diimine complexes (C3, C4 and C5), the absorption band in the visible is is assigned to distinct transitions corresponding to MLCTs and ILCT states calculated between ∼ 440 nm and ∼ 370 nm with significant oscillator strengths. Interestingly, there are two MLCTs transitions: the main one involves the Mes 2 Phen and its oscillator strength is twice more intense than the one involving the styryl bipyridine (SI). However, the high energy side of the visible band is dominated by an intense ILCT transition, which is certainly mostly responsible for the high extinction coefficient of the complexes in this region. The strongest calculated peak locates around 400 nm for C1-C4 while around 360 nm for C5. Logically, the position of this transition is proportional to the strength of the electron releasing group on the styryl moiety and naturally decreases in the following order N(Et) 2 > N(Anysyl) 2 ≈ N(Ph) 2 >> OOctyl. In the spectrum of C5, even the low energy bands formally assigned to ILCT transitions contain the contribution of copper (I) to the electron density of the departure orbital, thus having a partial MLCT character.
Another distinction of the spectra of the diimine complexes is the presence of a small absorption tail 
